Abstract
Introduction
Nowadays, computational simulations offer powerful tools to provide fundamental understanding of materials behaviors, and to support materials design that meet application requirements. The firstprinciples calculations are widely used to predict the thermodynamic, diffusion as well as mechanical properties of materials of interest [1] [2] [3] [4] . Without adjustable parameters but the input of crystal structure information, the first-principles computed quantities can provide reliable "experimental data". For example, Wang et al. [2] reported systematic first-principles computed thermodynamic and elastic properties of stable Al compounds. However, so far most of the first-principles calculations are restricted to binary and/or ternary systems because of the limitation of the computational capacity. For multi-component systems, one successful modeling approach is the so-called CALPHAD (CALculation of PHAse Diagram) method [5] . The CALPHAD approach was originally developed for the modeling of thermodynamic properties by integrating experimental phase equilibria and thermochemical data via the reasonable thermodynamic models for phases. The key advantage for the CALPHAD approach is that the approach begins with the evaluation of parameters of unary, binary and ternary systems, from which the description of higher-order systems can be directly extrapolated. Recently, the CALPHAD spirit has also been applied to model other thermophysical (i.e., diffusivity, molar volume) and mechanical (i.e., elastic coefficient) properties [6] [7] [8] .
Aluminum (Al) alloys with alloying elements, such as Cu, Fe, Mg, Mn, Ni, Si, and Zn, are technologically important due to their low density and good mechanical properties [9, 10] . It is known that the elastic moduli of materials can be used to assess certain mechanical properties such as ductility/brittleness, hardness, strength and so on [11] . Elastic properties provide information about the interatomic bounding strength and its anisotropy, the criterion of structural stability [12, 13] , the measurement of lattice vibrations of acoustic modes, the correlation from an atomistic theory to a macroscopic material model [11] , as well as the indications of ductility/brittleness [14] , hardness [15] , melting points, etc. As a consequence, the theoretical prediction of the elastic properties can provide fundamental guidance in identifying materials with desired mechanical properties.
To the best of our knowledge, there is no systematic investigation about the elastic properties of multi-component Al alloys, and thus no elastic property database is available in the literature. In view of the dearth of systematical study, the present work
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aims to predict the elastic properties of single crystal elastic constants and polycrystalline aggregates, as well as temperature dependent elastic properties for binary and ternary compounds in the Al-Cu-Fe-MgMn-Ni-Si-Zn system. The detail of first-principles calculations is presented in Section 2 along with brief introductions of strain-stress method herein, method to calculate temperature dependent elastic constants, and way to build mechanical properties for CALPHAD database. Section 3 shows the computed single crystal elastic constants (c ij 's) together with polycrystalline aggregates including the bulk (B), shear (G), Young's (E) modulus, B/G (bulk/shear) ratio and anisotropy ratio, and temperature dependent mechanical properties for representative phases. Whenever possible, the calculations are compared with experimental data from the literature. And the summary of the present work is given in Section 4.
Methodology
The present first-principles calculations are performed using the projected augment wave (PAW) pseudo-potentials [16, 17] as implemented in VASP (Vienna ab initio simulation package) [18, 19] , with the generalized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE) [20] . All the structures are fully relaxed with respect to cell shape, volume and atomic coordinates. For consistency, the 400 eV energy cutoff is used for all the elements and compounds. The energy convergence criterion of electronic self-consistency is chosen as 10 -6 eV/atom. The reciprocal space energy integration is performed by the Methfessel-Paxton technique [21] for structure relaxations, and for the final calculations of stresses for determining the c ij 's, the linear tetrahedron method including Blöchl corrections [22] is used for the Brillouin-zone integrations. The samplings of k-points are more than 20,000 per reciprocal atom for elastic constants in terms of the Monkhorst-Pack scheme [23] . As for the estimation of the vibrational contribution to Helmholtz free energy, we adopt the phonon calculations using a supercell method [24] as implemented in the alloy theoretic automated toolkit (ATAT) [25] .
The energies versus volume data points calculated from first-principles calculations are fitted by the four-parameter Birch-Murnaghan equation of state (EOS) [26] : (1) where a, b, c and d are fitting parameters. In the present work, usually 10 data points in the volume range of 0.88-1.16V 0 are used for the EOS fitting of each structure. The equilibrium properties estimated from EOS include the volume (V 0 ), energy (E 0 ), bulk modulus (B 0 ) and its pressure derivative (B 0 '). It is worth mentioning that the fitting parameters are representable by the equilibrium properties, and vice versa.
We employ the efficient strain-stress method [27, 28] to calculate the elastic constants at finite temperatures. The details of the method and the parameters used in the calculations can be found elsewhere [2, 27, 28] . The temperature dependence of elastic constants can be obtained through firstprinciples calculations with the quasi-harmonic phonon approximation [4] . The Helmholtz energy of a crystal can be obtained from first-principles calculations by considering the static energy at 0 K, the lattice vibrational free energy of the lattice ions, and the thermal electronic contribution. The equilibrium volume at a given temperature, V(T), can be computed through the derivative of Helmholtz energy to volume, which defines the external pressure [4] . According to Ledbetter [29] , the temperature dependence of elastic constants is primarily due to the volume expansion with the increase of temperature. By calculating the elastic constants at various volumes, the temperature dependence of elastic constants can be evaluated via (2) It should be noted that the elastic constants resulting from the above equations are under isothermal conditions. In the following report, the mentioned elastic constants only refer to this kind of isothermal elastic constant. Actually, when the elastic constants are measured by resonant vibrations, the system may be viewed as adiabatic because elastic wave travels faster than heat diffuses, and the deformation due to the elastic waves is thus a constant-entropy (isentropic) process. Thus, this adiabatic or isentropic elastic constant should be different from the isothermal elastic constant. According to Liu et al. [8] , the isothermal elastic constant should be smaller than the adiabatic or isentropic one for a stable phase.
Very recently, Liu et al. [8] has demonstrated one way to establish the elastic property database for Mg alloys in the form of CALPHAD formula. Different models for solution phase, stoichiometric compound and compound with certain homogeneity range have been proposed. In the present work, the firstprinciples calculations are devoted to the elastic constants for either stoichiometric compounds or the compounds with certain homogeneity range but only at the stoichiometric composition. And we would rather employ the following polynomial in temperature [30, 31] to describe temperaturedependent elastic constant for the target phase,
where a, b and c are the coefficients to be evaluated based on the elastic constants from the first-principles calculations.
Based on the single-crystal elastic constants from the first-principles calculations shown in Eq. (9), the polycrystalline aggregate properties, such as the bulk modulus (B), shear modulus (G), and Young's modulus (E), can be evaluated by the Voigt's approach, which is for the upper bound based on the uniform strain and reads (4 Elastic anisotropy ratio of a cubic crystal can be characterized by the Zener's anisotropy ratio, A, which represents the ratio of two shear moduli. The degree of deviation of A from unity 1 defines the extent of elastic anisotropy. The predicted elastic anisotropy ratios, as shown in Table 1 , are in good agreement with other theoretical calculations. It is reported that the elastic anisotropy is related to the materials' resistance to microcrack [38] . The large value of A promotes the cross-slip pinning process due to the yielded driving force acting on screw dislocations [39] . We therefore conclude that the cubic AlNi enhances more easily and is less resistant to microcracks compared to other stable and metastable compounds.
Following the method described in Section 2, the temperature-dependent elastic constants in stable Al 3 Table 2 shows the assessed parameters (a+b×T+c×T 2 ) for the elastic properties of the phases in the Al-Ni system and AlFeNi. In order to conserve space, only a stable binary phase Al 3 Ni, and a metastable phase Al 4 Ni 3 were taken as examples to demonstrate the accuracy of the present work in the following. More details can be found in the database for multi-component Al alloys (http://www.thermocalc.com). [44] . AlNi 3 phase is of cubic crystal structure, and thus there are 3 independent elastic constants, i.e., c 11 , c 12 , and c 44 . As can be seen in the figure, the calculated elastic constants of AlNi 3 phase based on the presently established mechanical property database are in good agreement with the experimental results. This figure shows the accuracy of the present work. Calculated elastic constants c ij decrease with increasing temperature. In addition, the model-predicted temperature dependence of bulk modulus, shear modulus and Young's modulus of AlNi 3 phase can be predicted based on c ij according to equations 3-9.
From the equations, we know that bulk modulus decreases with increasing temperature, indicating that the hardness decreases with respect to temperature. Al 4 Ni 3 is a metastable cubic phase, and the calculated temperature dependent elastic constants c 11 , c 12 and c 44 are shown in Fig. 2 . There are no experimental data available for this phase.
Elastic strain energy is one of a few terms for the total energy. In almost all of the previous phase field simulation for microstructure evolution, the temperature dependence of the elastic properties is not taken into account [11, 45] . Such a treatment will lead to a large uncertainty for phase field simulation. This is also the case for the estimation of creep resistance. Currently, the temperature dependence of the elastic properties in the equation for the creep resistance is not considered. The presently computed elastic properties for Al compounds are needed for simulation of microstructure evolution of commercial Al alloys during series of processing route.
Summary
Using systematic first-principles calculations and the stress-strain method, the single-crystal elastic stiffness constants (c ij 's) and polycrystalline aggregates elastic properties at 0 K for binary and ternary compounds in Al-rich corner, as well as the temperature-dependent elastic properties for some technological important phases are predicted. The predicted elastic properties are in good agreement with experimental results and theoretical data available in the literature. Elastic stiffness constants of phases are fitted by temperature related quadratic polynomial, focusing on the establishment of CALPHAD-type mechanical property database. The presently generated elastic property database for Al alloys is of interest for phase field simulation of microstructure evolution of Al alloys during series of processing route. 
